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Thorp and Gallagher first reported that depletion of cholesterol inhibited virus entry and cell-cell fusion of 
mouse hepatitis virus (MHV), suggesting the importance of lipid rafts in MHV replication (E. B. Thorp and 
T. M. Gallagher, J. Virol. 78:2682-2692, 2004). However, the MHV receptor is not present in lipid rafts, and 
anchoring of the MHV receptor to lipid rafts did not enhance MHV infection; thus, the mechanism of lipid rafts 
involvement is not clear. In this study, we defined the mechanism and extent of lipid raft involvement in MHV 
replication. We showed that cholesterol depletion by methyl $-cyclodextrin or filipin did not affect virus 
binding but reduced virus entry. Furthermore, MHV spike protein bound to nonraftraft membrane at 4°C but 
shifted to lipid rafts at 37°C, indicating a redistribution of membrane following virus binding. Thus, the lipid 
raft involvement in MHV entry occurs at a step following virus binding. We also found that the viral spike 
protein in the plasma membrane of the infected cells was associated with lipid rafts, whereas that in the Golgi 
membrane, where MHV matures, was not. Moreover, the buoyant density of the virion was not changed when 
MHV was produced from the cholesterol-depleted cells, suggesting that MHV does not incorporate lipid rafts 
into the virion. These results indicate that MHV release does not involve lipid rafts. However, MHV spike 
protein has an inherent ability to associate with lipid rafts. Correspondingly, cell-cell fusion induced by MHV 
was retarded by cholesterol depletion, consistent with the association of the spike protein with lipid rafts in the 
plasma membrane. These findings suggest that MHV entry requires specific interactions between the spike 


protein and lipid rafts, probably during the virus internalization step. 


The fluid-mosaic model proposed by Singer and Nicholson 
(35) has long been used to explain the organization of mem- 
brane. Lipid rafts are defined as the functional lipid microdo- 
mains, which consist of cholesterol, sphingolipid, and their 
associated proteins (32). Although their existence is still de- 
batable, the presence of specific microdomains in biological 
membranes is a largely accepted concept. Based on studies of 
model membranes, it is evident that cholesterol and sphingo- 
lipid in the membrane can form a highly ordered microdomain, 
distinct from the disordered liquid-phase membranes of sur- 
rounding phospholipids (21). This organization confers resis- 
tance to cold-detergent treatment and flotation to light buoy- 
ant density (7). Both properties are commonly used to identify 
lipid rafts. Recent studies have suggested that lipid rafts play a 
role in a wide range of cellular events, including signal trans- 
duction, apoptosis, cell adhesion, migration, synaptic transmis- 
sion, organization of the cytoskeleton, and protein sorting dur- 
ing endocytosis and exocytosis (7, 15, 34, 38). In addition to 
their roles in the cells, lipid rafts function as a docking site for 
the entry of viruses, bacteria, and toxins, as well as virus as- 
sembly and budding (19, 29, 36). 

Both enveloped and nonenveloped viruses use lipid rafts in 
various ways to enter the cells (10). In the case of nonenvel- 
oped viruses, virus entry begins with the attachment of virus to 
receptors, followed by internalization of virus by invagination 
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of the plasma membrane and intracytoplasmic vesiculation. 
Lipid rafts are involved in the direct association of some vi- 
ruses with their receptors and internalization of virus through 
caveolae. Simian virus 40 is internalized into caveolae (26) 
after its binding to the receptor, major histocompatibility com- 
plex 1, which normally is not detected in lipid rafts (9). Echo- 
virus type 1 is also internalized into caveolae through the 
interaction with its receptor, «2(2-integrin, which is in the lipid 
raft (22). The entry of enveloped viruses involves the attach- 
ment of virus to the receptor, followed by fusion between virus 
and cell membrane, which can be either plasma or endosomal 
membrane. Therefore, lipid rafts may be involved in the viral 
entry process in several different ways, including the associa- 
tion of viral glycoproteins with lipid rafts of either the viral 
envelope or the target membrane or the association of cellular 
receptors with lipid rafts. Hemagglutinin of influenza virus 
(31), gp120-gp40 of human immunodeficiency virus type 1 
(HIV-1) (27), and glycoprotein of Ebola virus (3) are associ- 
ated with lipid rafts in the virion. The E1 protein of Semliki 
Forest virus is inserted selectively to the cholesterol-rich mi- 
crodomains of the target membrane (1). CD4 and CCRS, the 
receptor and the coreceptor, respectively, of HIV-1 are asso- 
ciated with lipid rafts (12, 20, 28). 

Involvement of lipid rafts in virus assembly and budding in 
influenza virus, Ebola virus, and HIV-1 has also been well 
studied. Hemagglutinin and neuraminidase of influenza virus 
cluster in lipid rafts and recruit M1 matrix protein to lipid rafts 
to promote virus assembly (2). The matrix protein VP40 of 
Ebola virus, which is important in virus assembly and budding, 
localizes and oligomerizes in lipid rafts (25). Moreover, Pr55%“8 
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of HIV-1, like gp120/gp40 (27), also associates with lipid rafts 
during virus assembly (17, 24). 

Although there was no direct evidence that lipid rafts are 
involved in coronavirus replication, previous studies have im- 
plied that cholesterol and cholesterol-related environments 
may regulate coronavirus replication; supplementation of cho- 
lesterol in the culture medium resulted in marked enhance- 
ment of mouse hepatitis virus (MHV)-induced cell fusion (11), 
and a hypercholesterolemic diet increased the susceptibility of 
mice to MHV-3 infection (6). In the case of human coronavi- 
rus 229E (HCoV-229E), virus entry was inhibited by depletion 
of cholesterol, resulting in the disruption of viral association 
with the cellular receptor, CD13 (23). Moreover, knockdown 
of caveolin-1 affected the entry of HCoV-229E but not its 
binding (23), although the significance of caveolin-1 in virus 
entry has yet to be demonstrated. On the other hand, Thorp 
and Gallagher showed that cholesterol-rich microdomains 
were crucial for the entry and fusion of MHV, but the MHV 
receptor (MHVR) did not associate with lipid rafts; anchoring 
of the MHV receptor to lipid rafts did not enhance MHV 
infection (37). These results indicate that cholesterol-rich mi- 
crodomains are implicated in the viral entry in yet another 
uncharacterized mechanism. 

Here, we report that MHV does not incorporate lipid rafts 
into the virion and binds to nonraft membrane but shifts to 
lipid raft membrane for virus entry. The depletion of choles- 
terol from the target cells does not affect virus binding but 
interferes with subsequent virus entry. Furthermore, the viral 
spike (S) protein is not associated with lipid rafts on the Golgi 
membrane, which is the site of virus assembly and budding 
(18), but is associated with lipid rafts on the plasma membrane, 
which is involved in cell-cell fusion. These results explain how 
lipid rafts are involved in MHV virus entry and cell-cell fusion 
but not in virus release. We also suggest that MHV entry 
requires a relocalization of the viral spike protein on cellular 
membrane during virus entry, probably involving cellular fac- 
tors associated with lipid rafts. 


MATERIALS AND METHODS 


Cells, viruses, and antibodies. DBT cells (16), a mouse astrocytoma cell line, 
were cultured in Eagle’s minimal essential medium (MEM) supplemented with 
7% newborn calf serum (NCS), 10% tryptose phosphate broth, and streptomy- 
cin-penicillin. Human embryonic kidney cell line 293A was cultured in Dulbec- 
co’s modified essential medium supplemented with 10% fetal bovine serum. 
MHV-AS9 was amplified in DBT cells and maintained in MEM containing 1% 
NCS. Modified vaccinia virus Ankara that expresses T7 RNA polymerase was a 
kind gift from Bernard Moss and amplified in BHK21 cells. 

The polyclonal anti-MHV-AS59 antibody was produced in rabbits by injection 
of purified MHV virion. The monoclonal anti-MHVR (CC1) was kindly pro- 
vided by Kathryn V. Holmes. Monoclonal anti-transferrin receptor, anti-flotillin, 
and anti-syntaxin 6 were purchased from Zymed Laboratories (San Francisco, 
CA), BD Biosciences (San Jose, CA), and Stressgen (Victoria, British Columbia, 
Canada), respectively. 

Plasmids. cDNA encoding the viral spike protein was generated by reverse 
transcription-PCR (RT-PCR) from RNAs extracted from purified MHV virions 
and then cloned into pcDNA3.1 TOPO (Invitrogen, Carlsbad, CA). Truncated 
mutants of S protein were made from the cDNA of S protein using specific sets 
of primers. cDNA that expresses MHV receptor, which is a murine carcinoem- 
bryonic antigen gene family member (designated mCGM1), was generated from 
mouse liver and cloned into a mammalian expression vector, pECE (40). 

Cholesterol depletion, replenishment, and detection of uptake of viral RNA. 
DBT cells were seeded in 12-well plates and at 90% confluency were incubated 
with either 10 mM methyl-8-cyclodextrin (MBCD; Fluka, Milwaukee, WI) or 2 
pg/ml filipin (Sigma, Milwaukee, WI) in MEM at room temperature for 30 min 
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and 1 h, respectively. In the cholesterol replenishment experiments, cells were 
first incubated with MBCD in MEM for 30 min. The medium was replaced 
afterward by MEM containing 1 mM cholesterol (Sigma, Milwaukee, WI) for 1h 
at room temperature. After the treatment, the medium was replaced by MEM 
containing 7% NCS, and cells were incubated for up to 24 h. Cholesterol levels 
in MBCD-treated cells were assayed by using the Amplex Red Cholesterol Assay 
kit (Molecular Probes, Eugene, OR). Cell viability was assayed by using WST-1 
reagent, purchased from Roche (Indianapolis, IN). This assay was based on 
measurement of the activity of mitochondrial dehydrogenases produced by the 
viable cells. The enzymatic activity was detected by cleavage of WST-1 to 
formazan, which was quantified by measuring absorbance at 440 nm. Briefly, cells 
were seeded in 96-well plates; 10 1 of WST-1 was added to the cells, followed 
by a 1-h incubation at 37°C. The absorbance was measured with an enzyme- 
linked immunosorbent assay reader at wavelengths of 420 to 480 nm with a 
reference wavelength of >600 nm. 

To detect viral RNA uptake, untreated or MBCD-treated cells were infected 
with MHV-AS9 at a multiplicity of infection (MOI) of 10. After 1h of virus 
adsorption, the cells were washed three times with phosphate-buffered saline 
(PBS) and harvested at 1, 2, 3, and 4 h postinfection (p.i.). Total RNAs were 
isolated by phenol-chloroform extraction and ethanol precipitation. MHV RNA 
was detected by RT-PCR using primers specific for the 5’ untranslated region (5' 
UTR). 

Purification of *5S-labeled virion. DBT cells were infected with MHV-AS59 at 
an MOI of 10; after 1-h virus adsorption, cells were further incubated in MEM 
containing 1% NCS for 5 h. Cells were rinsed with Met/Cys-free MEM (Sigma, 
Milwaukee, WI) once and then starved in MEM containing 1% dialyzed NCS for 
30 min, followed by addition of 100 wCi of 5§-translabeling mixture (ICN, 
Irvine, CA). Radiolabeled viruses were harvested at 16 h p.i. and purified by 
sucrose gradient centrifugation. Briefly, supernatant from the cell culture was 
clarified by centrifugation at 4,500 x g for 30 min at 4°C and then overlaid over 
30% to 50% sucrose in NTE (0.5 M NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 
7.4), followed by ultracentrifugation in a Beckman SW28 rotor at 28,000 rpm for 
3.5 h. The sucrose interface was collected and pelleted by ultracentrifugation at 
100,000 x g for 1 h. The purified virions were resuspended in either MEM for the 
binding experiment or NTE for further purification on continuous sucrose gra- 
dients (20% to 60%) in a Beckman SW 41 Ti rotor at 37,000 rpm for 16 h. 
Samples were collected into 1-ml fractions. 

Membrane flotation analysis. Cells were lysed with hypotonic buffer (10 mM 
Tris-HCl, pH 7.4, 1 mM EDTA) and passed through a 21-gauge syringe 20 times. 
The lysates were centrifuged at 1,400 x g for 5 min at 4°C to remove cell debris 
and nuclei. The postnuclear supernatant was either untreated or subjected to 
treatment with 1% TX-100 at 4°C or 37°C for 1 h before ultracentrifugation on 
a 10%, 55%, and 63% discontinuous sucrose gradient in a Beckman SW41Ti 
rotor at 37,000 rpm for 16 h at 4°C. Samples were collected into 1-ml fractions 
and further used for immunoprecipitation or immunoblotting. 

In vitro binding assay of virion. Radiolabeled and purified virion (10° cpm) 
was incubated with either untreated DBT cells or 10 mM MBCD-treated DBT 
cells (10°), at 4°C or 37°C for 1 h. After being bound, cells were washed with PBS 
three times and then lysed with hypotonic buffer, followed by treatment with 1% 
TX-100 at 4°C or 37°C for 1 h. To isolate the detergent-resistant membranes, 
membrane flotation analysis was done as described above. Each fraction was 
immunoprecipitated with polyclonal anti-MHV antibody to detect viral proteins. 

Separation of plasma and Golgi membranes. Cells (2.5 < 10’) were infected 
with MHV-AS9 at an MOI of 10. At 6 h p.i., cells were incubated with 100 Ci 
of *°S-translabeling mixture (ICN, Irvine, CA). At 10 h p.i., cells were harvested 
and resuspended in 0.5 ml homogenization buffer (0.25 M sucrose, 1 mM EDTA, 
10 mM HEPES-NaOH, pH 7.4), followed by passage 20 times through a 21- 
gauge syringe. The homogenates were centrifuged at 2,000 < g for 10 min. The 
pellet was resuspended in the homogenization buffer; the centrifugation was 
repeated, and the two supernatants were combined. The supernatants were 
centrifuged at 100,000 x g for 1 h, and the pellets, which contained membrane 
fractions, were dissolved in 0.75 ml of 30% (wt/vol) iodixanol (Axis-Shield PoC 
AS, Oslo, Norway). Membrane fractions were loaded at the bottom of a step- 
density gradient of iodixanol (2.5, 10, 17.5, and 25%[wt/vol] iodixanol; 2.5 ml per 
step), prepared from a stock solution diluted in homogenization buffer. The 
gradients were centrifuged at 37,000 rpm for 3.5 h in a Beckman SW41Ti rotor 
and fractionated into 0.8-ml fractions; each fraction was used for immunopre- 
cipitation and immunoblotting with specific antibodies. For the subsequent mem- 
brane flotation analysis, fractions from either plasma membrane or Golgi mem- 
brane were pooled and concentrated to 0.1 ml using centricon YMSO (Millipore, 
Bedford, MA) with repeated dilutions with hypotonic buffer. Samples were 
further subjected to membrane flotation analysis as described above. 


AUN IIIDOW Aq GLOZg ‘p Aseniqe 4 uo /Bio'wselAl//:dyj}y wos pepeojumMog 


9864 CHOI ET AL. 


A 
+++%--» No treatment 
= 2 —s— 10mM MBCD 
£ 80 
DB 70 ne, 
= 60 wy eee, 
ro od 
-_ 
2 
2] 
2 
°o 
& 
1) 
05 0 3 6 93 12 15 18 21 24 27 
Hrs post treatment 
B 


0.8 (J untreated 
10mM MpCD 


absorbance 


Hrs post treatment 


FIG. 1. Cholesterol depletion by MBCD and its effects on MHV 
replication in DBT cells. (A) Reduction of cholesterol level in cells. 
After treatment with 10 mM MBCD for 30 min, cells were collected 
every 3 h up to 27 h after treatment. The amount of cholesterol in the 
lysates was assayed using the Amplex Red Cholesterol Assay kit. 
(B) Cytotoxicity of MBCD to the cells. Cell viability was assayed at 0, 
2, and 18 h p.i. using WST-1 reagent. (C and D) Virus titers released 
from either MBCD- or filipin-treated cells. (C, top) Time frames of the 
experiment. Cells were either pretreated before virus infection or 
treated at 3 or 6 h p.i. with 10 mM or 20 mM MBCD for 30 min and 
washed. Filipin treatment was done at a concentration of 2 g/ml for 
1h. Culture supernatant was collected from 6.5 h to 10 h p.i., and a 
plaque assay was performed. Samples were duplicated and experi- 
ments repeated three times. Arrow bars indicate the standard devia- 
tions of three independent experiments. 


RESULTS 


Virus entry, but not other steps, of viral replication requires 
lipid rafts in the target membranes. To address the mechanism 
of involvement of lipid rafts in MHV replication, cholesterol 
was first depleted from DBT cells by treating the cells with 10 
mM MBCD for 30 min at room temperature. The cholesterol 
level in the cells was reduced by almost 50% immediately after 
the treatment and remained low for nearly 6 h. It returned to 
the normal level by 10 to 20 h posttreatment (Fig. 1A). This 
treatment was not toxic to the cells, as the cell viability was 
comparable to that of untreated cells (Fig. 1B). To examine the 
effects of cholesterol depletion on virus replication, cells were 
treated with 10 mM MBCD for 30 min at various time points 
postinfection (Fig. 1C, top), namely, untreated, pretreated, at 
3 h postinfection, and at 6 h postinfection. Virus titers were 
determined from the supernatants collected from 6.5 to 10 h 
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p.i. (Fig. 1C). While pretreatment of cells with MBCD com- 
pletely inhibited virus production, treatments at any time point 
postinfection did not affect the virus titers, even at a higher 
concentration of MBCD (20 mM) (Fig. 1C). A similar pattern 
of inhibition of virus production was also observed when the 
cells were treated with another cholesterol-depleting drug, fili- 
pin (Fig. 1D). This result indicates that cholesterol depletion 
affected a very early step, most likely virus entry, of virus 
replication cycle. 

To confirm the inhibitory effect of MBCD on virus entry, the 
viral RNA inside the cells at early time points after virus 
infection was detected by RT-PCR using the 5’ UTR-specific 
primers. This RNA represents the viral RNA inside the cells as 
a result of virus entry. In untreated cells, viral RNA was de- 
tected inside the cells beginning at 1 h postinfection. In con- 
trast, after the MBCD treatment, the viral RNA was not de- 
tected until 4 h postinfection, when viral RNA replication had 
begun. Uptake of viral RNA was restored to a level similar to 
that in the untreated cells after cholesterol was replenished 
(Fig. 2). This result suggests that virus entry was specifically 
blocked by cholesterol depletion. 
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FIG. 2. The effect of MBCD on viral RNA uptake. Cells were either untreated or treated with 10 mM MBCD for 30 min and then infected with 
MHV-AS9. In the cholesterol replenishment experiment, MBCD was removed after the 30-min treatment, and cells were incubated with MEM 
containing 1 mM cholesterol for 1 h before viral infection. Total cellular RNAs were isolated at 0, 1, 2, 3, and 4 _h p.i. MHV RNA was detected 
by RT-PCR using 5' UTR-specific primers. RT-PCR of actin mRNA was used as a control. 


To understand the mechanism of inhibition of virus entry by 
cholesterol depletion, we examined whether MBCD affected 
virus attachment. DBT cells were pretreated with 10 mM 
MBCD for 30 min and then incubated with radiolabeled MHV 
for 1 h at 4°C. After the cells were washed with PBS twice to 
remove the unbound virion, the bound MHV was measured by 
scintillation counting of cell extracts. The radiolabeled MHV 
bound to both the untreated and MBCD-treated cells to a 
similar extent (10 to 12% of the input virus) (Fig. 3A), indi- 
cating that virus attachment was not affected by the MBCD 
treatment. Interestingly, the amount of bound radiolabeled 
MHV was significantly reduced by the MBCD treatment when 
the virus-cell binding experiment was performed at 37°C (Fig. 
3A). Since incubation of MHV with cells at 37°C induced the 
entry of virus into cells, this result implies that cholesterol 
depletion interfered with virus entry at a step subsequent to 
virus binding. The reduction of the bound virus most likely 
reflected the dissociation and/or degradation of the virus from 
the cell surface at 37°C if virus entry did not occur. We also 
found that MBCD treatment did not affect the surface expres- 
sion level of MHV receptor (data not shown). These results 
together suggest that cholesterol is involved in virus entry at a 
step after virus attachment to the MHV receptor. 

To address the mechanism of involvement of cholesterol in 
virus entry, we next examined the possibility that MHVR nat- 
urally associates with lipid rafts or becomes associated with 
lipid rafts only after virus binding. Lysates from the MHVR- 
overexpressing 293A cells were treated with 1% TX-100 at 4°C 
for 1 h, and then membrane flotation analysis was performed. 
In the absence of the detergent treatment, all of MHVR was 
detected in membrane fractions; but after treatment with 1% 
TX-100 at 4°C, most of MHVR was in the detergent-soluble 
fractions (Fig. 3B). As controls, flotillin, a lipid raft marker, 
was found in the detergent-resistant membrane, whereas trans- 
ferrin receptor was found in the detergent-soluble membrane. 
These results suggested that MHVR was not associated with 
lipid rafts. We then proceed to study the possibility that MHV 
infection might induce the relocalization of MHVR to lipid 
rafts. The results showed that most of MHVR still was de- 
tected in the detergent-soluble fractions after virus infection 
(Fig. 3B). Therefore, very little MHVR shifted to lipid rafts 
upon virus binding. Our results were consistent with the results 
from Thorp and Gallagher (37), which also showed that 


MHVR did not associate with lipid rafts during the virus entry 
step. 

These results raised the puzzling question why MHV entry 
required cholesterol. We considered the possibility that MHV 
interacted with lipid rafts in the target membrane directly or 
indirectly after virus binding to the MHVR. To address this 
possibility, the radiolabeled virions were incubated with the 
MHVR-overexpressing 293A cells at 37°C for 1 h, and the 
lysates were subjected to membrane flotation analysis, fol- 
lowed by immunoprecipitation with polyclonal anti-MHV an- 
tibody. The results showed that after virus binding at 4°C, most 
of the viral S and nucleocapsid (N) proteins were associated 
with the membrane that was disrupted by treatment with 1% 
TX-100 at both 4°C and 37°C (Fig. 4A, left), consistent with the 
previous interpretation that virus binds to MHVR on the non- 
raft membrane. Interestingly, after virus binding at 37°C, a 
portion of viral S protein became resistant to treatment with 
1% TX-100 at 4°C but remained disruptable by treatment with 
1% TX-100 at 37°C (Fig. 4A, right), consistent with the inter- 
pretation that it is associated with lipid rafts. A portion of viral 
S protein was also detected with detergent-soluble fractions, 
which most likely represent the viral protein released into the 
cytosol after virus entry. Some of the N protein was also asso- 
ciated with the detergent-soluble membrane after virus binding 
at 4°C, consistent with the idea that the virus remained at- 
tached to the membrane without entering the cells. The status 
of N protein at 37°C was less clear; it was not detected without 
the detergent treatment probably because, after virus entered 
the cells, it was in a structure not amenable to analysis without 
detergent treatment. 

When the same experiment was performed using the 
MBCD-treated cells, the same result was obtained when the 
virus binding was carried out at 4°C, namely, viral S and N 
proteins stayed associated with the nonraft membrane (Fig. 
4B, left). This result was consistent with the previous finding 
that the MBCD treatment did not affect the association of viral 
proteins with membrane (Fig. 3A). However, most of the viral 
S and N proteins were lost from the cells after incubation of 
MHV at 37°C with the MBCD-treated cells (Fig. 4B, right). 
This result was consistent with the previous binding experi- 
ment showing that the amount of bound radiolabeled virus was 
greatly reduced when virus was incubated at 37°C with the 
MBCD-treated cells (Fig. 3A). We conclude that virus entry 
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FIG. 3. Effects of cholesterol depletion on virus binding and association of MHV receptor with lipid rafts. (A) Binding of radiolabeled MHV 
virion. *°S-labeled MHV virion (10° cpm) was incubated with either untreated or MBCD-treated cells for 1 h at 4°C or 37°C. Unbound virion was 
removed by being washed three times with PBS. Cells were harvested and resuspended in hypotonic buffer, and the radioactivity was determined 
with a scintillation counter. Each sample was done in triplicate, and bars indicate standard deviation. (B) Association of MHVR with lipid rafts. 
MHVR-overexpressing 293A cells were either uninfected or infected with MHV-AS9, and membrane flotation analysis was done after treatment 
for 1 h with 1% TX-100 at 4°C. MHVR was detected by immunoblotting. Flotillin and transferrin receptor were used as positive and negative 


control, respectively, for lipid raft association. 


induced by incubation at 37°C requires subsequent interaction 
of MHV proteins with lipid rafts after virus binding. 

These results imply that virus entry may involve a redistri- 
bution of viral and/or cellular proteins on either viral or cellu- 
lar membranes at a step subsequent to the virus binding to 
MHV receptor and that the process involves the shift of viral 
and/or cellular factors from nonraft membrane to lipid rafts. 

Lipid rafts are not incorporated into MHV virion. We next 
explored the possibility that MHV particles may contain lipid 
rafts in the envelope. We attempted to alter the cholesterol 
levels in the virion by treating the cells with MBCD and then 
examining the properties of virus particles produced from the 
cholesterol-depleted cells. We first compared the buoyant den- 
sity of the virus, since the cholesterol composition of the viral 
envelope has been reported to affect the buoyant density of 
other viruses, such as human immunodeficiency virus (8). Vi- 
rus particles released from the MBCD-treated cells had the 


same buoyant density as that from the untreated cells (Fig. 
5A), suggesting that cholesterol is not a significant component 
of MHV virion. 

Next, we performed the membrane flotation analysis of virus 
particles to examine whether any viral proteins were associated 
with lipid rafts in the virion. A significant portion of S and N 
proteins were present in the membrane fractions, but all of 
them shifted to soluble fractions after treatment with 1% TX- 
100 at 4°C for 1 h, indicating that viral proteins in the virion 
were associated with nonraftraft membrane (Fig. 5B). 

Next, we examined whether intracellular viral proteins were 
associated with lipid rafts during virus assembly and budding. 
MHV is known to assemble and bud on the Golgi membrane 
(18); however, some S protein is also transported to the plasma 
membrane, where it mediates cell fusion but is not involved in 
virus assembly. We separated the Golgi membrane from total 
cellular membranes by iodixanol gradients (Fig. 6A). Syntaxin 


AU IIIDOW Aq GLOZ ‘p Aseniqe 4 uo /Bio'wselAl//:dyjy wos papeojumog 


VoL. 79, 2005 


MURINE CORONAVIRUS AND LIPID RAFTS — 9867 


Untreated cells 


37°C binding 
rs Bottom 
“T7Tao068e78 9 3 456 7 8 


130 - 
No OO) “e 
treatment 73 — 
4 
130 - 
TX-100, 100 - 
0 
4c ie 
54 - 
130 
TX-100, 100 - rs 
37°C 
73 a N 
54 = 


MBCD-treated cells 


A 
4°C binding 
Top Bottom 
23 45 678 9 
130 - 
No 100 — 
treatment 73 _ 
54 -| 
130 - 
Tx-100, 1° - 
4°C el 
$4 —| 
130 -| 
TX-100, i100 - 
37°C 
73 
54 - 
B 
4°C binding 
Top Bottom 
' 23 468567 8 9 
130 
No 100 
treatment ,, 
54 
130 
TX-100, 
4c 100 
73 - 
4 - 


37°C binding 
re Bottom 
T7as4fse7e so 3466 7 


130 - 
$s 
100 - 
No 
treatment 73 - 
54 - 


FIG. 4. Redistribution of MHV virion during virus entry. (A) Raft-association of viral proteins during virus entry. *°S-labeled MHV virion (10° 
cpm) was incubated with MHVR-overexpressing 293A cells for 1 h at either 4°C (left) or 37°C (right). Lysates were treated with 1% TX-100 for 1 h at 
4°C or 37°C, and membrane flotation analysis was subsequently done. Viral S and N proteins were detected by immunoprecipitation with polyclonal 
anti-MHV antibody. (B) Effect of cholesterol depletion on the association of viral protein with lipid rafts. MHVR-overexpressing 293A cells were 
pretreated with 10 mM MBCD for 30 min, and then radiolabeled virus was added and incubated at either 4°C (left) or 37°C (right) for 1 h. Lysates were 
treated with 1% TX-100 for 1 h at 4°C, followed by membrane flotation analysis. The exposure time for the both panels was the same. 


6 (5) and transferrin receptor (14) were used as the markers 
for Golgi and plasma membranes, respectively. As expected, S 
proteins were detected in both plasma and Golgi membranes. 
Fractions representing plasma membrane or Golgi membrane 


were pooled separately, and detergent resistance of viral pro- 
teins was examined by membrane flotation analysis. All of the 
S and N proteins from Golgi membranes were detected in 
detergent-soluble fractions, confirming that viral proteins were 


AU IIIDOW Aq SGLOZg ‘p Aseniqe 4 uo /Bio‘wselAl//:dyjy wold papeojumMog 


9868 CHOI ET AL. 


J. VIROL. 


A 
Top 20-60% continuous sucrose gradient Bottom 
12 3 45 6&6 7 8 3 0 Tt 2 As 14 
10mM MpCD 
B 
Top No treatment Bottom Top TX-100, 4°C Bottom 
{2346 6 8 § 1234 5 & 7 8 9s 
130 
100 Ss 
73 
rt = N 
54 - 


FIG. 5. Lack of incorporation of lipid rafts into MHV virion. (A) Buoyant density of virion produced from cells untreated or treated with 10 
mM MBCD. MHV from the culture supernatant was purified by two-step sucrose centrifugation. Samples were collected into 1-ml fractions, and 
viral N proteins were detected by immunoblotting. (B) Lack of association of viral proteins with lipid rafts in the virion. *°S-labeled MHV virion 
was treated with 1% TX-100 for 1 h at 4°C, and then membrane flotation analysis was done. The viral S and N proteins were detected by 


immunoprecipitation with polyclonal anti-MHV antibody. 


not associated with lipid rafts during virus assembly and bud- 
ding (Fig. 6B, right). In contrast, a small fraction of S protein 
from plasma membrane was resistant to treatment with 1% 
TX-100 at 4°C (Fig. 6B, left, fractions 2 to 5), indicating its 
association with lipid rafts. 

These results were consistent with the previous experiments 
(Fig. 1C), which showed that virus titers were not affected by 
the MBCD treatment if this treatment was performed anytime 
after virus infection. We conclude that MHV does not incor- 
porate lipid rafts into virion, in contrast to many other envel- 
oped viruses (36). 

Cell-cell fusion requires lipid rafts. MHV infection induces 
morphological changes in cells by inducing cell-cell fusion. 
Therefore, we asked whether cell-cell fusion was affected by 
cholesterol depletion. DBT cells were treated with 10 mM 
MBCD either before virus infection or at various time points 
after infection (2 or 4 h p.i.). Syncytium formation was exam- 
ined at 6 and 8 h postinfection (Fig. 7). When cells were 
pretreated with MBCD, cell-cell fusion was completely 
blocked, most likely as a result of the inhibition of virus entry. 
Surprisingly, cell-cell fusion was much delayed when MBCD 
treatment was done at 2 or 4 h p.i. Under these conditions, the 
titer of the virus released from the cells was not affected (Fig. 
1). This result indicates that cell-cell fusion, in contrast to virus 
release, also requires lipid rafts. 

Since the cell-cell fusion processes are mediated mainly by 
the viral S protein, we examined whether S proteins are in- 
volved in lipid rafts during cell-cell fusion. As shown above 
(Fig. 6B), a small fraction of S protein on the plasma mem- 


brane was associated with detergent-resistant membrane frac- 
tions, consistent with the interpretation that the S protein- 
mediated cell-cell fusion involves lipid rafts. Furthermore, we 
found that some of the S protein, when overexpressed alone in 
293A cells, localized in detergent-resistant fractions (Fig. 8A), 
indicating that S protein does not require other viral proteins 
for association with lipid rafts. 

Finally, we tried to identify the domains in the S protein 
required for the association with lipid rafts. Three truncated 
mutants of S protein were generated by manipulating the na- 
ture of the transmembrane domain and length of the cytoplas- 
mic tails (Fig. 8B, left): S-C9, which contained only nine amino 
acids in the cytoplasmic tail; S-CO, which did not have any 
cytoplasmic tails; and S-CV, where the transmembrane domain 
was replaced by the transmembrane domain of vesicular sto- 
matitis virus glycoprotein G. It has been reported that vesicular 
stomatitis virus glycoprotein G does not associate with lipid 
rafts (30, 39). All the three truncated mutants of S protein were 
expressed in similar amounts in the cells (Fig. 8B, left, bottom). 
S-C9 and S-CO proteins were associated with lipid rafts, 
whereas S-CV was not (Fig. 8B, right). Thus, the transmem- 
brane domain of S protein is important for its interaction with 
lipid rafts. 


DISCUSSION 


Thorp and Gallagher (37) first reported that MHV entry and 
cell-cell fusion were greatly affected by the depletion of cho- 
lesterol. This result was puzzling, since MHVR was shown to 
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FIG. 6. Raft-association of the viral S proteins in plasma and Golgi membranes. (A) Fractionation of total membranes into plasma and Golgi 
membranes. Membranes prepared from *°S-translabeled MHV-infected cells were fractionated in a 2.5%, 10%, 17.5%, and 25% iodixanol step 
gradient. Samples were collected into 0.8-ml fractions. Transferrin receptor (TfR) and syntaxin 6 were used as plasma and Golgi membrane 
markers, respectively. S proteins were detected by immunoprecipitation with polyclonal anti-MHV antibody. (B) Association of viral proteins from 
plasma and Golgi membranes with lipid rafts. Fractions from lanes 8 to 14 or 21 and 22 of panel A were pooled and analyzed by membrane flotation 
gradients. Viral proteins were detected by immunoprecipitation with polyclonal anti-MHV antibody. 


be not associated with lipid rafts. These findings were con- 
firmed in the current study. We further showed that MHV did 
not incorporate lipid rafts into virion. The additional experi- 
ments presented in our studies reported here provided expla- 
nations for these confounding observations. We found that 
MHV bound initially to the nonraft membrane (at 4°C), pre- 
sumably through MHVR. As virus entry occurred (at 37°C), 
the viral spike protein became associated with lipid rafts (Fig. 
4A). When cholesterol was depleted, viral entry could not 
occur even though the virus still bound to the membrane (Fig. 
3A and 4B). Thus, there is a redistribution of MHV from 
nonraft membrane to lipid rafts during virus entry, and the 
association of viral S protein with lipid rafts is critical for virus 
entry. This redistribution very likely involves cellular factors 
that interact with either MHVR or viral S protein after virus 
binds to MHVR. This membrane shift has also been observed 
for another coronavirus, HCoV-229E (23). The internalization 
of HCoV-229E was decreased by the depletion of cholesterol, 
while the binding of virus was not affected. Therefore, the 
redistribution of the bound virus to lipid rafts before virus 
internalization can take place may be a common process in 
coronavirus. In the case of HCoV-229E, the redistribution 
process involves the sequestration of the viral receptor, CD13, 
to caveolae (23). At this time, it has not been demonstrated 
whether caveolae are also involved in MHV entry. It is possible 
that some host factors that interact with S protein may be 
relocalized to caveolae during MHV entry. However, this fac- 
tor cannot be MHVR, since MHVR did not relocalize to lipid 


rafts during virus infection. Moreover, it has been shown that 
forced association of MHVR with lipid rafts by addition of the 
glycosylphosphatidyl inositol anchor did not enhance virus in- 
fectivity (37), indicating that the association of MHVR with 
lipid rafts does not happen and is not required for virus entry. 
Similar observation was made for herpes simplex virus (4); its 
cellular receptors, herpesvirus entry mediator and nectin-1, did 
not associate with lipid rafts, but one of the viral glycoproteins 
(gD) was found associated with lipid rafts, suggesting that 
unknown cellular cofactors mediate the recruitment of gD to 
lipid rafts. 

We also found that MHV assembly and release did not 
involve lipid rafts. Consistent with this observation, we found 
that the viral S protein on the Golgi membrane, where MHV 
virion is assembled and released, is not associated with lipid 
rafts, even though the Golgi membrane is known to contain 
lipid rafts (33). This finding is in contrast to many other 
enveloped viruses, such as HIV, which contain lipid rafts in 
the virion and in which the viral proteins involved in the 
assembly and budding of virions are associated with lipid 
rafts (13). Significantly, the MHV S protein is associated 
with lipid rafts in the plasma membrane; correspondingly, 
the cell-cell fusion induced by MHV is affected by choles- 
terol depletion. The possible explanation for the differential 
properties of S protein in the plasma and Golgi membranes 
is that S proteins may be recruited to lipid rafts through the 
interaction with an unidentified factor that is present in the 
plasma membrane but is missing in the Golgi. This factor is 
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FIG. 7. Inhibition of cell-cell fusion by MBCD. Cells were treated with 10 mM MBCD for 30 min at several different time points during virus 
infection: pretreatment and after being treated at 2 and 4 h p.i. Cells were fixed at 6 and 8 h p.i. and immunostained with anti-N monoclonal 
antibody, followed by incubation with B-galactosidase-conjugated secondary antibody. Syncytium formation was visualized by X-Gal (5-bromo- 
4-chloro-3-indolyl-B-galactoside) staining (shown as dark areas). 


likely neither MHVR nor other viral proteins, since MHVR branes (virus-cell or cell-cell). In the case of virus entry, the 
did not associate with lipid rafts, and S protein alone could S-MHVR binding triggers the relocalization of the virus to a 
associate with lipid rafts. lipid raft membrane. In the case of cell-cell fusion, S protein is 

The observations that both virus entry and cell-cell fusion localized on lipid rafts on the plasma membrane. Thus, the 
were inhibited by cholesterol depletion imply that lipid rafts association of S protein with lipid rafts is likely crucial for virus 


may be involved in both processes following a common mech- entry and cell-cell fusion. 
anism. Both processes are initiated by the binding of S protein A number of studies have shown that enveloped viruses, 
to MHVR, followed by fusion between two different mem- such as HIV, contain lipid rafts in the virion, and viral proteins 
A 
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FIG. 8. Determination of raft association domains of S proteins. (A) Raft association of S protein overexpressed in 293A cells. (B) Domains 
required for lipid raft association of S protein. (Left, top) Diagram of S protein mutants. (Bottom) The expression level of mutants was determined 
by immunoprecipitation with anti-MHV polyclonal antibody from *°S-translabeled cellular lysates. Membrane flotation analysis was done for the 
truncated mutants (right). 


AUN IIIDOW Aq SLOZg ‘p Aseniqe 4 uo /Bio'wselAl//:dyjy wod papeojumog 


VoL. 79, 2005 


that are required for virus assembly and budding associate with 
lipid rafts (13, 17). While most of the studies so far have 
focused on the viruses that bud out of the plasma membrane, 
the viruses that bud out of the intracellular membranes have 
not been carefully examined. Cholesterol, which is a major 
component of lipid rafts, is abundant in the plasma membranes 
and endosome, but due to the recycling of cholesterol trans- 
port, it is also present in the Golgi membrane (33). Therefore, 
it could not be ruled out completely that MHV, which assem- 
bles and buds on the Golgi membrane, may somehow involve 
lipid rafts during its maturation process. 

In conclusion, MHV requires lipid rafts in virus entry and 
cell-cell fusion but not in virus release. The involvement of 
lipid rafts is mediated by the direct or indirect interaction of S 
protein with lipid rafts. 
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